Metastasis and cell dissemination are the primary cancer-associated causes of death ([@bib5]). In recent years, the paradigm of epithelial-to-mesenchymal transition (EMT), a multi-step molecular reprogramming process, has emerged as a potent driver of cancer dissemination and therapy resistance ([@bib29]). Consequently, tumour cell EMT is suggested to co-occur with the emergence of cancer stem cell (CSC) properties ([@bib33]). The identification and validation of potent target molecules that interfere with the EMT and CSC phenotype are of highest translational and clinical interest.

Glioblastoma is the most common and most aggressive primary malignant brain cancer characterised by highly infiltrative growth ([@bib37]). CBF1 (also known as Recombination signal Binding Protein for immunoglobulin kappa J, RBPJ) is the core transcriptional regulator of Notch signalling, an important phylogenetically conserved stem cell pathway known to have important roles in CSC in a variety of tumours, including glioblastoma ([@bib11]; [@bib41]). High levels of CBF1 have recently been identified as a mediator for chemoresistance of brain cancers against the anti-Notch drug class of *γ*-secretase inhibitors (GSIs) and targeting upstream or downstream targets of CBF1 can overcome this resistance. Blocking CBF1 in glioblastoma cells eradicates CSCs and reduces tumorigenicity ([@bib43]). On the other hand, Notch signalling itself is a potent inducer of EMT in a variety of cancers ([@bib39]) and activation of EMT promotes glioma cell invasion and therapy resistance ([@bib17]; [@bib36]). Given the suggested linkage of CSCs, Notch and EMT, we sought to investigate the effect of CBF1 inhibition on the mesenchymal transformation in brain cancer cells.

We show that targeting CBF1 leads to the impairment of a variety of cellular properties associated with EMT at least in part through the efficient suppression of EMT activators, including zinc finger E-box-binding protein 1 (ZEB1). Our observations show that inhibiting the recently identified CSC target impedes EMT-associated cellular processes in glioblastoma such as invasion and resistance against drugs other than GSIs. We also indicate that CBF1 is involved in regulating glioma cell glycolysis. Paradoxically, we reveal that CBF1 overall expression levels of bulk tumour samples are clinically positive prognostic in low- and high-grade adult and paediatric brain cancers both in Eastern and Western patient cohorts. Interestingly, the expression is significantly heterogeneous among different molecular subtypes of glioblastoma and medulloblastoma (MB). CBF1 becomes stimulated and alters its clinical prognostic value in response to alterations in the microenvironment such as induction of hypoxia or therapeutic treatment. CBF1 blockade is a potent therapeutic strategy that may be particular relevant against cells dependent on EMT.

Materials and methods
=====================

In silico analysis of clinical databases
----------------------------------------

The analysis of glioblastoma patient data was performed using three data sets: (1) public data for The Cancer Genome Atlas (TCGA, <http://cancergenome.nih.gov/>); (2) public data from the French working group ([@bib12]); and (3) the member-restricted data of the Chinese Glioma Genome Atlas (CGGA, <http://www.cgga.org.cn>); were assessed. For TCGA, Affymetrix human exon 1.0 level 2 data was downloaded from <https://gdc-portal.nci.nih.gov/>. The French data are available through the R2 database (<https://hgserver1.amc.nl>). For the CGGA data, Illumina raw exon expression levels were used. The hereafter reported study using CGGA data was approved by the Beijing Tiantan Hospital institutional review board and tumour specimen quality control and determination of IDH1 mutation status has been described before ([@bib44]). Long- and short-term overall survival of glioblastoma patients were analysed in the German Glioma Network data set ([@bib31]). Low-grade glioma (LGG) data were retrieved through CGGA, as well as from the French working group. MB results are based on the analysis of the raw data of the Pomeroy data set ([@bib9]). Exon expression was combined using means to determine gene expression values and CBF1 high/low expression categories were assigned based on the final quartile for the TCGA and CGGA data and using a Scan method for the French data in R2. Survival analyses were calculated using the log-rank method for the TCGA and GCCA data and R2 for the French data.

RNA-seq. samples from the different anatomical regions of glioblastoma were obtained from the Ivy Glioblastoma Atlas Project from the Allen Institute for Brain Science downloaded in December 2016 (glioblastoma.alleninstitute.org). A total of 122 RNA samples were utilised in this analysis.

Cell culture, DNA constructs and viral infection
------------------------------------------------

Glioblastoma neurosphere lines were generously provided by A. Vescovi, Milan, Italy (GBM1); MS Carro, Freiburg, Germany (BTSC407/407p) and G Riggins, Baltimore, MD, USA (JHH520/JHH). Cells were grown in serum-free suspension media as previously described ([@bib15]). All cells are regularly characterised for mycoplasma negativity and cell line authenticity was assessed as previously described ([@bib14]). Hypoxic cultures conditions were achieved by growing cells in an INVIVO2 200 hypoxic chamber (Baker and Baker Ruskinn, Sanford, MN, USA) under 2% oxygen for 48 h.

The following lentiviral constructs were used: empty control pLKO.1 TCR cloning vector (Addgene plasmid, Cambridge, MA, USA, \#10878; [@bib26]) as well as pLKO.1 vector with cloned short hairpin RNA constructs directed against CBF1 mRNA as previously described ([@bib1]). Lentiviral particles were produced by transfecting 293T cells with the lentiviral packaging system as previously described ([@bib18]) using GeneJuice (Merck Millipore, Darmstadt, Germany) per the manufacturer's instructions. Supernatants collected 48 and 72 h after transfection were pooled and passed through a 0.45-micron filter before concentrated using polyethylene glycol and NaCl and then frozen at −80 °C until needed. Stable integration of pLKO.1 enables the serial selection of mutated cells through resistance against puromycin as previously described ([@bib18]).

Stable integration of the reporter was selected through Neomycin resistance through serial passage (min. 7 days) in media supplemented with 1 mg ml^−1^ G418 (Carl Roth, Karlsruhe, Germany).

mRNA and protein analyses
-------------------------

The abundance of mRNA was assessed by conversion into complementary DNA and subsequent quantitative real-time PCR measurements using SYBR green-based fluorescence (Bio-Rad, Hercules, CA, USA). Relative quantification to housekeeping gene *β*-actin was assessed with ddCt-method. Primers were obtained through Sigma-Aldrich (St Louis, MO, USA), Germany and respective sequences can be found in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Western blotting was performed as described before ([@bib18]); antibodies were used as per the manufacturer's instructions (for specifications, see [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Total protein abundance was determined colorimetrically using the DC Protein assay (Bio-Rad) and densitometry of the transferred proteins was performed electronically as previously described ([@bib20]).

*In vitro* cell viability and invasion assay
--------------------------------------------

Cellular growth of GBM neurospheres was assessed using the CellTiter Blue Viability assay (Promega, Madison, WI, USA) similarly as described before ([@bib20]) plating 3000 cells per well in 100 μl growth media.

Assessment of cellular invasion was performed using modified 24-well Boyden Chamber assay similarly as described before ([@bib18]).The inserts were coated with growth factor-reduced Matrigel (BD, Flanklin Lakes, NJ, USA) and incubated for 1 h at 37 °C. Subsequently, 75 000 cells suspended in 500 μl DMEM (Life Technologies, LTech, Carlsberg, CA, USA) were placed on top of each insert membrane. The bottom was filled with 700 μl DMEM media containing 10% foetal calf serum. All Boyden chamber assays were analysed 14 h after cell plating. The upper side of the membrane was then wiped carefully with a cotton swab to remove the rest of the plated cells. The membrane was then fixed in ice-cold methanol for 15 min and stained with Haematoxylin. The invasion of the cells was evaluated by counting the cell nuclei on the lower side of the membrane under a light microscope (five random high-power fields per insert).

Analysis of glycolysis
----------------------

Determinants of glycolytic parameters in living cells were examined using Seahorse XF^e^96 extracellular flux analyser (Agilent Technologies, Santa Clara, CA, USA), which records extracellular acidification rates (ECARs) during oxidation of energy substrates. The assays were performed plating 25 000 cells per well on Laminin (Sigma-Aldrich) coated surface following the manufacturer's instruction using glycolytic assay base medium (Agilent Technologies) and a settlement phase of 3 h. Individual port injections enabled controlled addition of glucose (final concentration: 10 m[M]{.smallcaps}), oligomycin A (final 1 μ[M]{.smallcaps}) and 2-desoxyglucose (final 100 m[M]{.smallcaps}) according to the manufacturer's description ('glycolytic stress kit'). Data were analysed using the WAVE software (version 2.3., Agilent Technologies) to calculate the glycolytic parameters from the recorded ECAR values. A minimum of eight wells per group per repetition were plated and total protein content of each well was used for normalisation.

Drug cytotoxicity assays
------------------------

Cell lines GBM1 and 407p with wild-type and inhibited CBF1 were tested for their sensitivity towards a collection of clinically approved drugs by automated screening. Inhibitors were tested in 384-well plates in 9 dilution steps with a concentration range from 0.005 to 25 μ[M]{.smallcaps} using D300e Digital Dispenser (Tecan, Zurich, Switzerland). The cell suspension was dispensed in neurosphere media at the appropriate cell concentration per well with a volume of 30 μl per well using Multidrop Combi Reagent Dispenser (Thermo Fisher Scientific, Waltham, MA, USA) followed by incubation for 72 h. We predefined the optimal cell number of 3000 cells per well for all tested cell lines by using pLKO.1 control cells. Viability readout was carried out by adding 30 μl of the CellTiter Glo Reagent (1:1 diluted with PBS) into the wells, shaking the plate at about 900 r.p.m. for 2 min and incubating the plates for 10 min in the dark followed by luminescence quantification using Spark 10M multimode plate reader (Tecan).

Targeted drug assays with selected drugs were performed with Titer Blue assay similarly as described above.

Statistical analyses
--------------------

Significance was tested with Student's *t-*test performed in Statistica v5.1. (Statsoft, Tulsa, OK, USA). Bar plots present the mean and s.e.m.

Results
=======

Inhibition of CBF1 results in notch-like gene signature
-------------------------------------------------------

We created suspension cell models of suppressed CBF1 expression using RNA interference technology. [Figure 1A](#fig1){ref-type="fig"} shows the verification of CBF1 blockade by western blotting. Knockdown efficiency of ⩾70% (except for 407p shCBF1a construct) was achieved. CBF1 has key activating and repressing roles on Notch signalling depending on the baseline pathway activation level ([@bib7]). Assessing Notch pathway target gene activation, we observed a significant induction of *HES1*, *HEY1* and *HES5* after CBF1 suppression ([Figure 1B](#fig1){ref-type="fig"}). Of note, GBM1 and 407p are well characterised concerning their Notch dependency and GSI treatment leads to the reduction of HES and HEY expression ([@bib11]; [@bib14]).

CBF1 blockade impairs cellular invasion and reduces the expression of activators of EMT
---------------------------------------------------------------------------------------

A main hallmark of EMT is the induction of cellular invasiveness leading to increased tumour cell dispersion ([@bib5]). We found a striking impairment of invasive potential upon CBF1 blockade as compared with control cells in all tested cell lines ([Figure 2A](#fig2){ref-type="fig"}). We and others have described the key role of EMT activator ZEB1 in promoting glioblastoma cell invasion ([@bib15], [@bib18]; [@bib36]; [@bib20]). Strikingly, ZEB1 was strongly reduced when blocking CBF1 ([Figure 2B](#fig2){ref-type="fig"}). Moreover, we tested the transcription levels of a collection of other known EMT markers and identified CD44s (standard isoform) and SNAI1 to be reduced when blocking CBF1 ([Figure 2C](#fig2){ref-type="fig"}). No effect on cellular growth was observed in any genetic condition ([Figure 2D](#fig2){ref-type="fig"}).

Hypoxia contributes to intratumoral heterogeneity of CBF1 expression
--------------------------------------------------------------------

To characterise the clinical importance of CBF1, we comprehensively assessed its predictive value in various clinical data sets. Interestingly, we found that its expression is predominantly high in pseudopalisades (*P*⩾0.001) and peri-necrotic regions ([Figure 3A](#fig3){ref-type="fig"}), areas known to be severely hypoxic and containing a population of high invasive cells ([@bib6]). Low oxygen tension is a potent stem cell niche factor ([@bib27]) and a fundamental driver of cellular invasiveness through induction of EMT ([@bib13]; [@bib18]). Interestingly, we found several consensus core hypoxic response elements (HRE) as defined by RCGTG ([@bib42]) in the promoter region of CBF1. Using the eukaryotic promoter database (<http://epd.vital-it.ch>), we identify *n*=3 HRE in the CBF1 core promoter (500 bp upstream of transcriptional start site) and *n*=8 HRE in the extended promoter region (=1500 bp upstream TSS). In concordance, exposure of cells to hypoxia, molecularly verified by the induction of hypoxia inducible factor 1*α* (HIF1*α*), can induce the expression of CBF1 as shown for GBM1 and strongly in 407p ([Figure 3B](#fig3){ref-type="fig"}). No CBF1 induction was noticed for JHH. We also noticed that CBF1 blockade can suppress HIF1*α* in normoxia, suggesting a potential reciprocal HIF1*α*/CBF1 loop ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Taken together, our data indicate that CBF1 in glioblastoma is intratumoral heterogeneously expressed and can be influenced by altered tumour microenvironment, such as induction of hypoxia.

CBF1 inhibition increases sensitivity to inhibitors of epidermal growth factor receptor (EGF-R), vascular endothelial growth factor receptor (VEGF-R) and m-TOR
---------------------------------------------------------------------------------------------------------------------------------------------------------------

A cardinal feature of mesenchymal-transformed cancer cells is a high level of resistance to therapeutic interventions ([@bib38]). Testing cell lines GBM1 and 407p with and without blocked CBF1, we identified drugs belonging to the classes of inhibitors of EGF-R (=AZD-9192), VEGF-R (=Cediranib) and m-TOR (PF-04691502) to act more potent when CBF1 is inhibited ([Figure 4](#fig4){ref-type="fig"}). More follow-up experiments are needed to exactly decipher the underlying mechanisms of this observation. Of note, no decrease of resistance to standard-of-care chemotherapeutic temozolomide (TMZ) was noticed when blocking CBF1. This was true for glioblastoma cell lines with high and low TMZ resistance ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

CBF1 blockade can reduce cellular glycolysis
--------------------------------------------

EMT-promoted tumour cell invasion has been associated with the preferred use of glycolysis as primary energy source ([@bib34]). Therefore, we investigated whether CBF1 blockade has any effects on glycolytic metabolism by quantifying ECAR. Although in different response values, all tested cell lines showed significantly reduced ECAR when CBF1 is inhibited ([Figure 5A](#fig5){ref-type="fig"}). Our observation was supported by effectively suppressed transcript levels of genes involved in glycolytic performance at least in two of the three tested cell lines: Cells with blocked CBF1 showed suppressed mRNA levels of enolase 1 (all tested cell lines) and pyruvate kinase M2 (GBM1, 407p) as well as hexokinase 1 (GBM1) and hexokinase 2 (GBM1, 407p) (*P*=0.05, [Figure 5B](#fig5){ref-type="fig"}). In JHH, CBF1 suppression did not affect the transcription of the analysed genes. Further studies are needed to comprehensively assess the underlying mechanisms of CBF1 inhibition on glycolysis and other metabolic networks in glioblastoma cells.

High CBF1 expression is a positive prognostic factor for overall survival
-------------------------------------------------------------------------

Depending on the activation level of Notch signalling, CBF1 acts as a transcriptional pathway activator or suppressor ([@bib7]). Given its bivalent nature, the role of CBF1 during tumorigenesis is controversially discussed. Reports on clinical data mostly focussed on the tumour expression levels compared with tissue matching healthy counterparts but little is known about the prognostic relevance of CBF1 with regards to overall survival.

Comparing the overall expression levels of various brain tumour types separated by WHO grade, glioblastomas have relatively reduced CBF1 expression ([Figure 6A](#fig6){ref-type="fig"}). Survival analysis of two independent data sets of Western patients (French and TCGA) reveals patients with high CBF1 survive significantly longer. Assessing the German Glioma Network, we did not find any significant differences in CBF1 levels between long- or short-term survivors (data not shown) nor did we find a survival difference in dependency of CBF1 activation in the Chinese cohort ([Figure 6B](#fig6){ref-type="fig"}). Interestingly, the survival benefit of high CBF1 is of particular eminent in female glioblastoma patients. Moreover, it also becomes strongly significant when the patients were treated with standard-of-care adjuvant chemotherapy TMZ ([Figure 6C](#fig6){ref-type="fig"}), but no change in mean mRNA expression levels in treated and untreated patients are noticed (data not shown). CBF1 levels are significantly increased in proneural glioblastoma as compared with any other molecular subgroup as divided after [@bib40]) ([Figure 6E](#fig6){ref-type="fig"}). Only in proneural glioblastoma, CBF1 mRNA levels have clinical predictive value ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Of note, glioblastoma with mutant IDH1 have strongly significantly increased CBF1 expression as tumours with wild-type IDH1 both in the TCGA and CGGA data sets. Survival analysis reveals that IDH1 mutation status stratifies into clinically significant different groups only in tumours with high CBF1 expression level and has no significance in tumours with low CBF1 activation ([Figure 6F](#fig6){ref-type="fig"}).

In addition, we analysed the clinical relevance of CBF1 levels in other types of brain cancer. Similar to GBM, [Figure 7A](#fig7){ref-type="fig"} shows that high CBF1 predicts for significantly longer survival for patients with LGG ([Figure 7A](#fig7){ref-type="fig"}) and MB ([Figure 7B](#fig7){ref-type="fig"}). Interestingly, comparing the molecular subgroups of MB, Group 3, the subset with the worst clinical outcome, has relatively low overall CBF1 activation. Paradoxically, only in this subtype high CBF1 is associated with significant shortened overall survival. In summary, analysing various clinical databases we identified significant heterogeneous activation levels of CBF1 in one cancer type both in adult and paediatric brain tumours. Our multi-cancer analysis suggests that elevated mean CBF1 mRNA expression derived from bulk tumour specimens predict for prolonged overall survival.

Discussion
==========

Targeting the Notch signalling pathway is an efficient strategy to eradicate CSCs with several promising clinical trials underway ([@bib16]). CBF1 is a central signal mediator of the Notch network that has both pathway-activating and -suppressive functions ([@bib7]). Our *in vitro* data with glioblastoma neurospheres implies that CBF1 blockade leads to activation of Notch as evidenced by robust induction of pathway target gene expression. We and others have reproducibly shown that HES1/5 and HEY1 transcript levels are robust reporters to determine Notch pathway activation status ([@bib11]; [@bib14]). However, we cannot exclude that in our cell models those selected genes are dysregulated by other factors than Notch in response to CBF1 inhibition. As such, Notch target genes are also influenced by other factors, which include androgen ([@bib8]), c-jun N-terminal protein kinase ([@bib10]) or Hedgehog ([@bib2]) signalling. Importantly, CBF1 blockade can also indirectly induce the expression of CBF1-regulated genes by epigenetic activation of the promoter region of target genes via histone modification ([@bib22]). Therefore, such Notch-independent cues acting on CBF1-sensitive genes may be an alternative explanation for the observed induction of target genes after CBF1 suppression.

Studied in a variety of cancers, CBF1 have been described to possess both proto-oncogenic and tumour-suppressive functions ([@bib3]; [@bib22]; [@bib25]; [@bib30]). In our clinical assessments, overall high CBF1 expression correlates with favourable clinical prognosis in LGG and high-grade glioma as well as in MB. Contrary, CBF1 was recently discovered to serve as a potent target to diminish tumorigenicity and chemoresistance in glioblastoma ([@bib43]). The authors also found high CBF1 expression to correlate with shortened overall survival. Of note, they restricted their analysis to glioblastoma without CpG island methylator phenotype (non-G-CIMP), the most aggressive epigenetic subtype. Interestingly, also in the most aggressive molecular subtypes of MB (Groups 3 and 4) we found high CBF1 to predict shortened survival. We suggest that CBF1 expression in brain cancers is intratumoral and intertumoral heterogeneous and its function is dependent on the genetic and (micro) environmental context. Of note, it was revealed that gene expression profiles in gliomas are highly heterogeneous and one tumour is comprised of areas belonging to distinct molecular subgroups ([@bib28]). Therefore, gene expression data derived from one bulk sample does not resemble the complex genomic of the tumour and activation of CBF1 may differ significantly depending on spatial distribution and mutational background. Defining the mutation status of IDH1was recently included in the WHO guidelines for clinical diagnosis of brain cancers ([@bib24]). We found that subclassification according to IDH1 mutation status also significantly separates tumours in high *vs* low CBF1 expression. IDH1 mutations frequently occur in secondary glioblastoma or diffusely growing LGGs, whereas primary *de novo* glioblastoma rarely show mutations in the IDH1 gene. Of note, the survival benefit of IDH1 mutation remains only significant in tumours with high CBF1 expression. CBF1 activation is also only prognostic in patients who received TMZ. The clinical data on IDH1 status and TMZ therapy suggests that CBF1 is increased in secondary glioblastoma and indicates that its function may be influenced by microenvironmental stress factors. This is further supported through the observed intratumoral heterogeneity of CBF1 expression in glioblastoma with elevated levels in pseudopalisades and peri-necrotic foci, both regions of severe hypoxia ([@bib6]). Evidenced by *in silico* and *in vitro* data, we show that at least in a subset of glioblastoma CBF1 is induced by hypoxia. We detect multiple HRE in the CBF1 promoter region and observed that the exposure to low oxygen tension elevates CBF1 protein levels in glioma neurospheres.

Hypoxia is a well-known niche for stem cells in development and disease ([@bib27]). In concordance, recent work has discovered that targeting CBF1 or its downstream mediators effectively diminishes glioma stem-like cells, especially those that are resistant to anti-Notch pathway-directed therapies ([@bib43]). However, little is known about the effect of targeting CBF1 on tumour cell dissemination and invasion. As EMT has been revealed as a main mediator of glial cancer cell invasion ([@bib17]; [@bib36]), we sought to study the consequences of inhibiting CBF1 on pro-invasive mesenchymal transformation. Strikingly, blocking CBF1 led to strong reduction of invasive behaviour *in vitro* accompanied with a reduction of EMT-activator ZEB1 in all tested cell lines. Notch signalling is well described to promote cell invasion through induction of EMT in a variety of solid cancers ([@bib4]). Our data now extend to glioma cell invasion to be regulated through the multivalent axis of CBF1/EMT signalling and suggests that a central member of the Notch pathway is involved in EMT-like processes in glioblastoma. Of note, RNAi construct a only minimally suppresses ZEB1 in 407p cells but still results in strong significant impairment of invasion. Besides showing that also other EMT promoters are suppressed in CBF1 knockdown cells, we cannot exclude the induction of other genetic responses that suppress cell invasiveness in response to modulating CBF1 expression.

CBF1/Notch1--ZEB1 interplay was recently described in lung cancer to regulate resistance against inhibitors of EGF-R signalling ([@bib45]). Our data extend the relevance of CBF1/EMT axis regulating chemosensitivity to cells of glial cancers as CBF1 blockade in glioma neurospheres can increase the cytotoxicity of inhibitors of EGF-R, VEGF-R or PI3K/mTOR signalling.

With the technical advantages to study cellular energetic networks, the influence of oncoproteins on metabolism has become increasingly apparent. Recent developments in cancer research led to the consideration that targeting metabolic networks can be a promising way to effectively target cancer malignancy, including in glioblastoma ([@bib16]). In breast cancer, EMT induces glycolytic metabolism ([@bib21]) and glycolysis is the primary energy pathway used for breast and prostate cancer cell motility ([@bib35]). Also the 'go or grow' potential of glioblastoma cells is regulated by active metabolic switch featuring glycolytic activation in regions of hypoxia leading to high invasiveness and low proliferation ([@bib19]). Our data now indicate that targeting the CBF1/EMT axis in glioblastoma cells can cause an inhibition of glycolysis, which may be at least in part mediated through suppression of cardinal enzymatic regulators of glucose breakdown, such as hexokinase 1/2, enolase 1 or pyruvate dehydrogenase M2. This is particular exciting as glycolytic enzymes are major targets in cancer therapy with the development of promising clinical inhibitors underway ([@bib32]). Of note, PKM and HK are HIF transcription factor target genes, and given the fact that CBF1 can inhibit HIF1*α*, our data cannot exclude that the glycolytic effect is caused indirectly. Although we did not see noticeable expression levels of HIF2*α* under normoxia (data not shown), we also cannot exclude that changes in the activation of cardinal glioma-oncogene HIF2*α* ([@bib23]) contribute to the observed phenotype upon CBF1 blockade. Of note, we recently also identify ZEB1 as a potent metabolic regulator in glioma cells but did not on investigating its effects on glycolysis ([@bib20]). In addition, we see variations in the degree of inhibition of glycolysis and its related genes among our tested cell models, indicating that the influence of CBF1 on glucose metabolism strongly varies among different tumours.

In summary, we provide evidences that blocking CBF1 in glioblastoma cells can suppress cellular invasion and chemoresistance against multiple drug classes as least partly through inhibiting activators of EMT, including ZEB1. We show that CBF1 can be induced by environmental stimuli and its activation is intratumoral and intertumoral heterogeneous. CBF1 inhibition is a potent therapeutic target to block invasion and therapy resistance, which may be particularly relevant to fight hypoxic-driven EMT cells.
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![**CBF1 knockdown results in expression of Notch-like signature.** (**A**) CBF1 knockdown efficiency as assessed by western blotting-based protein quantification. (**B**) Cells with blocked CBF1 show increased levels of Notch pathway target gene expression (HES1, HES5 and HEY1) as compared with control cells carrying empty pLKO.1 vector. \**P*=0.05, \*\**P*=0.01, \*\*\**P*=0.001.](bjc2017157f1){#fig1}

![**Inhibition of CBF1 impairs cellular invasion of glioma neurospheres.** (**A**) GBM neurospheres with inhibited CBF1 are significantly less invasive *in vitro* as shown by representative microscope capturing and quantification of Boyden chamber assays. (**B**) CBF1 inhibition robustly suppresses the expression of pro-invasive EMT-activator ZEB1 as shown by western blotting. (**C**) Additional qPCR analysis revealed CBF1 blockade-suppressed CD44s and SNAI1 transcription. (**D**) CBF1 inhibition did not alter the growth of GBM neurospheres as tested by Titer Blue assay. \**P*=0.05, \*\**P*=0.01, \*\*\**P*=0.001. A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017157f2){#fig2}

![**CBF1 is increased in hypoxia.** (**A**) CBF1 mRNA is increased in hypoxic areas of glioblastoma samples as defined as pseudopalisades (\*\**P*=0.01, \*\*\**P*=0.001) and peri-necrotic areas retrieved from the IVY Glioblastoma data set. (**B**) Hypoxic exposure (H, 2% oxygen, 48 h) increased the levels of HIF1*α* and led to induction of CBF1 (GBM1 and 407p) as compared with cells grown in normoxia (N). A full colour version of this figure is available at the *British Journal of Cancer* journal online.](bjc2017157f3){#fig3}

![**CBF1 inhibition reduces chemoresistance to members of various drug classes.** Glioma cells with blocked CBF1 are more sensitive to the treatment with EGF-R inhibitor AZD 9291 (mesylate), VEGF-R inhibitor Cediranib and PI3K/mTOR inhibitor PF-04691502 as compared with pLKO.1 control cells. (**A**) Toxicity curves represent the results of the automated drug library screen, whereas (**B**) shows bar blots of targeted drug tests normalised to corresponding isogenic cells treated with drug solvent only. \**P*=0.05, \*\**P*=0.01.](bjc2017157f4){#fig4}

![**CBF1 inhibition can reduce glycolytic metabolism.** (**A**) Cells with blocked CBF1 (=shRNAi construct b) have significantly reduced glycolytic activity as assessed by quantification of ECAR under defined glucose supply. (**B**) CBF1 knockdown can reduce the expression levels of central genes of glycolysis (enolase1=ENO1; hexokinase 1/2=HK1/2; and pyruvate kinase isoenzyme M2=PKM2) at various degrees with the strongest inhibition observed in GBM1 (all tested genes) to strong in 407p (ENO1 and PKM2) to moderate in JHH (ENO1). Interestingly, levels of gene inhibition correlates with the percentage of decreased ECAR from the highest in GBM1 to high in 407p to moderate in JHH. \**P*=0.05, \*\*\**P*=0.001.](bjc2017157f5){#fig5}

![**CBF1 expression in brain tumours is clinically prognostic and intertumoral heterogeneous.** (**A**) Mean CBF1 expression in different LGGs and glioblastoma showing relative low level of activation in the latter. PA= pilocytic astrocytoma; A=astrocytoma; OA=oligoastrocytoma; OD=oligodendroglioma; GBM=glioblastoma. (**B**) High levels of CBF1 predicts prolonged overall survival in glioblastoma patients from the Western populations (data sets: French, TCGA) but not in the Eastern cohort (CGGA). (**C**) The prognostic value is particularly eminent in female patients and (**D**) after therapy with alkylating agent TMZ. (**E**) CBF1 is strongly increased in the proneural subgroup of glioblastoma (**F**) as well as in tumours with R132H mutant IDH1. The predictive value of IDH1 mutation status with regards to overall survival does apply to tumours with high CBF1 expression but not under low CBF1 activation. \**P*=0.05, \*\**P*=0.01, \*\*\**P*=0.001.](bjc2017157f6){#fig6}

![**Clinical prognosis of CBF1 expression in LGGs and medulloblastomas.** (**A**) High CBF1 expression correlates with very significantly prolonged survival of patients with LGG (WHO II+III). (**B**) Intertumoral heterogeneous activation of CBF1 in medulloblastoma subtypes with clinical worst prognostic Group 3 tumours having the lowest CBF1 level. High CBF1 predicts for significant longer survival in all medulloblastoma (and SHH subgroup) but predicts significantly shortened overall survival in Group 3 and Group 4 tumours. \**P*=0.05, \*\**P*=0.01, \*\*\**P*=0.001.](bjc2017157f7){#fig7}
